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Abstract

The backbone of the industrialized world is comprised of refined, zerovalent
metal, a material which thermodynamically favors an oxidative return to more chemically
stable states. There are many methods used to slow or delay this process, such as
protective coatings, sacrificial anodes, and alloys, but no method can entirely prevent
corrosion. This body of work instead proposes detecting the earliest chemical markers of
corrosion: that is, metal ions as they solubilize from a metal surface. Such information
would allow maintenance personnel to make informed decisions about the necessity or
lack thereof of preventive maintenance, and intervene before advanced damage has a
chance to occur.
This dissertation finds that hydrogel-based sensors are capable of such detection
and offer a multisensory response, with colorimetric, electrical, volumetric and
vibrational changes. Both the colorimetric and electrical trends were calibrated and used
for quantification of metal ions both in solution and directly from metal substrate
surfaces. Observing how the hydrogels responded to various metal ions contributed to a
greater understanding of how ion-headgroup associations can affect the sensory responses
of a hydrogel, something that can be exploited in future sensor work. The ability of the
sensors to detect ions directly from metal surfaces allowed for an investigation of the
protective quality of fatty acids as corrosion inhibitors. A range of chain lengths were
tested using the hydrogels, and the comparison to current characterization techniques
showed good correlation. This accessible technique, beyond contributing to the current
i

meager literature of fatty acids as corrosion inhibitors, can also allow for the
determination of acceptable benchmarks of corrosion, information that is sorely needed to
efficiently steward global infrastructure.
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Glossary
Acrylamido-methylpropanesulfonic acid, one of the
AMPS

polymeric units in the hydrogels and a highly acidic ion
exchanger.
A graph depicting the magnitude and phase response of a

Bode plot
system over a range of frequencies.
A classification of an ion or headgroup as relatively large
Chaotrope
with a loosely held hydration sphere. See also: kosmotrope
Charge Transfer

The resistance associated with transferring charge from one

Resistor (Rct)

phase to another, i.e. from electrode to solution.
An electrical equivalent circuit element used in place of a

Constant Phase
capacitor when the capacitor is imperfect, i.e. “leaky”. See
Element (CPE)
also: CPE-P
Corrosion inhibitor

A substance added to a metal surface to mitigate corrosion.
The phase component of the CPE. When CPE-P= 1, the phase

CPE-P

is -90°. Because a CPE is an imperfect capacitor, the CPE-P
value must be below 1. See also: constant phase element

x

A hydrogel which has uptaken Cu2+ and formed a golden
Cu-HCF(III)-gel

copper hexacyanoferrate complex. Exact formula of the
complex is debated.

Cutoff Frequency

Frequency where the kinetic energy of the charged species

(νcutoff)

begin to be attenuated.

Double Layer/

Layers of charged species at the solid-electrolyte interface.

Double Layer

This separation of charges gives rise to a capactive

Capacitance (Cdl)

component.

Electrochemical

A technique that probes the dielectric properties of a surface

Impedance

or material by measuring the impedance over range of

Spectroscopy (EIS)

frequencies. See also: impedance
Hydrophilic end of a polymer not involved in polymeric

Headgroup
network. Often contains one or more functional groups.
Impedance (Z)

The ability of a system to oppose an alternating current.
A classification of an ion or headgroup as relatively small

Kosmotrope
with a tightly held hydration sphere. See also: chaotrope
Methylenebis(acrylamide), the cross-linker that connects the
MBA
polymers PAA and AMPS in the hydrogels.

xi

A hydrogel that has uptaken transition or lanthanide metal
M-HCF-gel

ions and formed a metal hexacyanoferrate complex upon
treatment with potassium ferri- or ferrocyanide.

PAA

Polyacrylic acid, one of the polymeric units in the hydrogels.
A dark blue metal hexacyanoferrate complex with the formula

Prussian blue (PB)
Fe4(III)[Fe(II)(CN)6]3.
PB-gel

A hydrogel that has uptaken Fe2+ ions and formed Prussian

PB-hydrogel

blue within upon treatment with potassium ferricyanide.

A technique which provides information on the type of bonds
Raman
present in a material by exciting electrons and measuring the
spectroscopy
inelastically scattered light.
The opposition to current flow between the counter and
Solution Resistance
reference electrodes.
A technique that bombards a surface with X-rays and
X-ray
measures the energy of the emitted photoelectrons in order to
photoelectron
obtain a spectrum of the elements present and their chemical
spectroscopy (XPS)
and electronic states.
A measure of stiffness. A material with a high modulus can
Young’s modulus
withstand more uniaxial stress before deforming.

xii

Chapter 1: Background
1.1 Briefly Defining the Problem of Corrosion
Corrosion processes are insidious, referred to by the Pentagon as “the pervasive
menace” [1]. If necessary preventive measures and inspections are neglected, these
processes can be something akin to a force of nature, leading to such tragedies as Flint,
Michigan, the Sinopec oil pipeline explosion, and the post-earthquake leak at
Fukushima’s nuclear power plant, among others. Even without such dramatic events,
corrosion is a degrading force that must be constantly battled: for this reason, the pricetag
of worldwide corrosion in 2016 was $2.505 trillion U.S. dollars, or 3.4% of the world
gross national product [2].
For the purposes of this document, metal refers to a transition metal that has been
refined to zerovalent so as to achieve the favorable characteristics of maleability,
strength, ductility, luster, and electrical and thermal conductivity. This process requires
extensive energy input, so, from a thermodynamic standpoint, it is energetically favorable
to oxidatively return to more chemically stable forms. Corrosion is defined here as the
reactions of the metal as it interacts with its environment.
Alloys of iron, particularly steel, are relied upon in construction and similar
applications due to their relatively low cost and high strength-to-weight ratio. As such,
they can be considered the most relevant metals in today’s global economy. The positive
attributes of iron-carbon alloys are offset by generally poor corrosion resistance,
primarily due to the lack of an effective passivation layer [3-5]. While there are various
1

strategies used to slow the processes of corrosion, among them cathodic protection and
organic coatings, over time these will all lose effectiveness. The focus of this body of
work is in developing cost-effective, practical strategies for detecting the earliest stages
of corrosion, when the preventive measures are beginning to lose their protective quality.
1.2 Corrosion of Iron
The “final” products of ferrous corrosion are a conglomeration of different iron
oxide and hydroxide species, depending on the environmental pollutants present, the
temperature/humidity cycles, the exact alloy used, and so forth, and is an ongoing topic
of research [5]. However, it is well understood that the first anodic reaction to alter the
state of zerovalent iron would be oxidation to divalent iron (Eq. 1.1), accompanied by the
corresponding cathodic reaction of the electrons with oxygen.
Fe0  Fe2+ (aq) + 2e-

(1.1)

If unhalted, Fe2+ can then form insoluble hydroxides, or further oxidize to Fe3+, which
would form other insoluble hydroxide species. Under certain conditions, these species
can dehydrate to form mixed iron oxide species that can be loosely assigned as Fe2O3 or
Fe3O4, as depicted in Figure 1.1. These hydroxide and oxide species damage structural
integrity by forming non-passivating, loose, porous layers that are referred to in the
vernacular as “rust”. The thermodynamics of these species are extremely favorable: for
example, Gibbs free energy for the formation of Fe2O3 is -742.2 kJ/mol, while the Ksp is
1.12 x 10-88 under standard conditions. These insoluble corrosion products mark the

2

Figure 1.1: Depiction of the major processes of corrosion, beginning with zerovalent iron.

practical end of reversibility, in contrast to the initial species of Fe2+ and Fe3+, which can
be considered highly soluble. As such, this body of work is focused on the detection of
these initial soluble ions, for iron and other relevant engineering metals. This is referred
to as early detection, or detection at a stage where it is still feasible to intervene and
prevent more advanced species of corrosion. In this way, maintenance personnel would
have the ability to make well-informed decisions about whether or not treatment is
necessary, potentially saving time, money & labor, as well as allowing for greater
freedom in choice of protective coating for aesthetic, cost or environmental reasons.
Chapter 2 characterizes and presents the theoretical background for a
spectroelectrochemical sensor able to quantify sub-ppm amounts of the initial soluble
ions relevant for iron and copper-based metals, with the same methodology
demonstrating success for nine other metallic elements used as alloying elements or
protective coating components. Chapter 3 demonstrates the ability of the sensor to
directly detect and quantify ions as they solubilize on the surface of a metallic substrate,
an ability which enables the future determination of acceptable quantitative benchmarks
of corrosion.
3

1.3 Current State of the Field of Corrosion Detection
There are some requirements in building a corrosion sensor; ideally it should be
non-destructive, easy to interpret, field-capable, inexpensive, quantitative and specific.
Much of the current literature on in situ corrosion detection focuses on the detection of
physical degradation of the metal due to advanced processes of corrosion, such as stress
fractures, changes in metal thickness, etc. Commonly used techniques are ultrasonic or
acoustic imaging [6-12], electromagnetic techniques [13-18], electrical resistance [19-22]
or electrochemical noise [23-26]. Some Infrared/thermal or Terahertz imaging techniques
have been attempted [27-33]; however such techniques are cost-prohibitive and not
always reliable. It is clear that, while these techniques have their use in certain situations,
they are limited to detecting damage that has already occurred, and are not able to
provide information on the state of a metal surface prior to sustaining damage.
The limited number of studies that have focused on detection of the chemical, as
opposed to physical, alterations to corroding metal have primarily ultilized changing pH
as the analyte [34-39], while using fluorometric probes as the indicator. To the author’s
knowledge, there have been only three qualitative studies of corrosion-induced ions, two
of Al3+, utilizing fiber optic probes [35, 40], and one of Fe3+, utilizing a polyvinyl alcohol
film [41]. Some studies have proposed using fluorometric sensors embedded in protective
coatings [42-44], which is not ideal, as it restricts the coating formulations that can be
used, and does not address the corrosion of previously manufactured structures.

4

It should be noted that while the advanced techniques presented above are present
in the literature, probably the most common “detection” techniques in practice by
structural engineers involve removing a portion of the coating in order to test adhesion
(e.g. ASTM D4541-17 & ASTM D2197-16) [45, 46]. This is obviously not ideal, as it is
destructive and provides limited information. This illustrates the need for an inexpensive
corrosion detection technique that can be easily instituted by those charged with the care
and construction of the world’s buildings, bridges, sculptures, airplanes, ships, and so
forth. In this work it was found that squares of hydrogel could be applied to metal
substrates to measure the amount of soluble ions on the surface, an inexpensive, robust
and accessible technique, covered in Chapter 3.
1.4 Hydrogel-based Sensors
The logistics of constructing a field-deployable corrosion sensor would dictate
moving away from solution-based sensors, which are difficult to apply to vertical or
curved surfaces. Flexible and self-contained hydrogel-based sensors are an attractive
answer, and have demonstrated a wide range of different sensing mechanisms: changes in
optical properties [47-49], mass and volume [47, 50-52], electrical properties [53-55],
and/or redox chemistry [56-58]. Hydrogels often demonstrate multisignaling, most often
as “smart” behavior, where a physical response to an analyte can render other
measureable chemical change(s) [47, 52, 59-66]. The hydrogels used in this work
demonstrated changes in conductivity and swelling due to the uptake of transition metal
ions and subsequent formation of a complex, which also altered the hydrogel’s optical
properties, as is demonstrated in Chapter 2. These electrical and optical signals were
5

leveraged in Chapter 3 to characterize the corrosion processes occuring on steel surfaces
modified by fatty acid corrosion inhibitors.
These sensing capabilities are primarily driven by the hydrogel’s polymer
headgroups and their interactions with the analyte(s). Because there are many different
types of headgroups available [67-71], it is possible to tune a hydrogel’s sensing
capabilities for particular analytes. In this work, the hydrogels used were co-polymers of
acrylamido-methylpropane sulfonic acid (AMPS) and polyacrylic acid (PAA), depicted
in Figure 1.2, and cross-linked by methylene bis-acrylamide. The affinity of the AMPS
sulfonic acid headgroups were utilized to form associations of sufficient intensity to alter
the electrical, mechanical and optical properties of the hydrogels, as characterized in
Chapter 2. Because of the capacity of the gels to bind ions, such devices often serve to
collect and pre-concentrate analytes as well, offering an improvement in detection limit
and/or sensitivity over solution-based sensors [72-74], something which is also
demonstrated in Chapter 2.
a)

b)

Figure 1.2: The polymeric headgroups of the hydrogels used in these studies. a) Depicts the structure
of 2-acrylamido-2-methylpropane sulfonic acid (AMPS) and b) Depicts the structure of polyacrylic
acid (PAA).

Covalently bound hydrogels, such as those used in this project, allow greater
freedom in choosing experimental parameters. For instance, the covalently bound nature
of these hydrogels allowed for equilibration in a number of electrolyte solutions, buffers
and solvents, based on the specific need of the situation. The chemical and mechanical
6

properties of such hydrogels can also be tuned by changing the proportions of the
monomers and/or cross-linker to allow for specified application [66, 75, 76]. In Chapter
2, an increase in the sensitivity of the sensor is demonstrated with an increase in the
AMPS concentration of the hydrogel.
1.5 Interaction(s) of an Ion with a Hydrogel
The introduction of an analyte (here, transition metal ions) into a hydrogel affect
its architecture and subsequently the signal(s) produced. In order to understand and
predict these phenomena, it is necessary to understand the major principles that determine
the quality of headgroup interactions with ions. It was first noted by Franz Hofmeister
that the capability of ions to salt out proteins seemed to be related to their hydration
capabilities [77, 78]. In 2006, Collins, et.al [79, 80], suggested the “law of matching
water affinities”, which states that ions with similar affinities for water form closer

Figure 1.3: Volcano plot depicting the law of water affinities. CIP stands for “contact-ion pair”, while
SIP stands for “solvent-separated pair”. The smaller spheres indicate kosmotropes, while the larger
spheres indicate chaotropes.
7

associations with each other. Figure 1.3 graphically depicts this rule; similarly sized ions
energetically prefer to form contact-ion pairs, as the point charges are better able to
approach each other. In contrast, dissimilar ion sizes prefer to retain solvent layers, as the
point charges are better able to approach mid-sized water molecules [80]. It should be
noted that, as shown in Figure 1.3, ions are sorted into two categories based on their
charge density and hydration energies: chaotropes or kosmotropes, where kosmotropes
are smaller ions that have tightly held hydration spheres, and chaotropes the inverse,
although inevitably there are varying degrees of these two classifications [81]. For
monovalent cations, this shift between strongly to weakly hydrated occurs at
approximately the radius of a sodium ion, which has a charge/size ratio of 9.35 [82].
These principles have been shown to extend to polyelectrolytes [82-86], which is relevant
when considering the interactions of hydrogel headgroups with metal ions. In Chapter 2,
the sulfonic acid headgroup, a highly acidic ion exchanger, was found to interact most
strongly with the metal ions of interest. The variation in intensity of interaction with the
different ions correlated with the known categorization of sulfonic acid as a chaotrope
[79].
The mere introduction of counterions into a charged hydrogel network mitigates
the repulsive forces between polymer headgroups and therefore induces reductive
volumetric changes [87]. Beyond this effect, ionic cross-linking, or the linking of two or
more charged polymer headgroups via multivalent ions, can induce significant volumetric
and mechanical changes [88-90]. The exact nature of the bonding is affected by the types
of divalent ions present; alkali earth ions remain as noncovalent bonding, while transition
8

metal ions tend towards forming stronger complexes, while some rare-earth metals have
shown practically irreversible behavior [87, 88]. Measurable variations of the behavior
along series of alkali earth and transition metal ions have been observed [87-89]. The
effects of ionic cross-linking were observed in the increasing de-swelling of hydrogels, as
increasing amounts of divalent metal ions were introduced, recorded in Chapter 2.
The types of ions present within the hydrogel can also affect the hydrogen
bonding and viscosity of water. The names chaotropes and kosmotropes mean “disordermaker” and “order-maker”, respectively, and refer to the ways in which the ions affect
the hydrogen bonding of water. Chaotropes, with polarities greater than that of water,
discourage the formation of hydrogen bonding, and can increase the density of water.
Kosmotropes, with polarities close to or less than that of water, either encourage or do
not affect the hydrogen bonding of water [82, 83]. With a change in the hydrogen
bonding of the water within a hydrogel, a change in the electrical properties of the
hydrogel can be expected [91]; the conductivity changes in the hydrogel sensors
throughout this work are partially attributed to this.
1.6 Prussian Blue as an Amplificatory Probe
While hydrogels have standalone sensing capabilities, it is beneficial to add in a
secondary probe that works in tandem to increase the signal-to-noise ratio. One such type
of probe are metal hexacyanoferrate complexes, which have exhibited changes in both
electrical and colorimetric properties upon complexation [92-94]. These complexes
typically take the formula Mx+[Fe(CN)6] y-x/y where M= transition or lanthanide metal; the
most well-known of these compounds is Prussian blue, formed when Fe2+ or Fe3+ ions are
9

reacted with ferricyanide [Fe(CN)6]3- or ferrocyanide [Fe(CN)6]4-, respectively to form
colloid [95]. Prussian blue forms a face-centered cubic lattice, with low spin Fe2+
connected to the carbon of the cyanide bridges, and high spin Fe3+ connected to the
nitrogen, depicted in Figure 1.4; one quarter of the [Fe(CN6]4- units are replaced by water

Figure 1.4: Structure of Prussian blue.

[96-98]. The blue color originates from an intervalence charge transfer between the t2g
orbital of the carbon and the t2g orbital of the nitrogen [99-101].
Previous to this work, colorimetric and electrical changes have only been
demonstrated in solution; in this body of work both phenomena showed measureable
correlations with ion concentration within the hydrogels. Because the hydrogel
headgroups bind to the transition metal ions, there is some evidence, as presented in
Chapter 3, that the color formation can quickly visually demonstrate localized damage or
film defects, a valuable trait for an in situ sensor. Divalent iron and copper complexes
were the most extensively investigated here, but thirteen total metal ions were reacted
with either or both Fe(CN)6]3- or [Fe(CN)6]4- in solution, for a total of 27 unique
combinations, many of which had unique spectral properties. This valuable set of data,
not seen before in the literature, is recorded in Chapter 2. Nine of those combinations
10

(beyond Fe2+ and Cu2+) displayed particularly unique colors; they were tested and found
to successfully form within hydrogels.
1.7 Scope of Work
This body of work contributes a hydrogel based sensor for the detection of
transition metal ions from both solution and/or solid substrates. Chapter 2 details the
multiple signals produced by metal hexacyanoferrate-hydrogels in response to transition
metal ions, specifically conductivity, color, volumetric and vibrational changes. In
particular the colorimetric and electrical changes demonstrated several orders of
magnitude in range and are both easily translatable to fieldwork. Beyond demonstrating
their capabilities as a sensor, the hydrogels were studied by Raman and impedance
spectroscopies to interpret the signals in light of the appropriate thermodynamic
principles. This understanding allows the sensors to be judiciously designed for improved
specificity, signal-to-noise ratio, and so forth.
Chapter 3 presents a practical application of the hydrogel sensor for detection of
ions from metal substrates, specifically, those treated with fatty acids in a range of chain
lengths, serving as corrosion inhibitors. The literature on fatty acids as corrosion
inhibitors is lacking, so this study served the dual purposes of confirming the efficacy of
the sensors and of the fatty acid treatments. Colorimetric data, which was gathered
through the accessible technique of digital photography, correlated nicely with results
from the established techniques of X-ray photoelectron and electrochemical impedance
(EIS) spectroscopies. The hydrogels also demonstrated changes in their impedance
characteristics that could be exploited as a second detection technique. The colorimetric
11

data yielded quantitative results, something that will be beneficial to corrosion experts
working to establish benchmarks for corrosion management.
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Chapter 2: Chemoresistive and photonic hydrogel sensors of transition metal ions via
Hofmeister series principles
Reprinted from Sensors & Actuators B, 256, Price, C., Carroll, J., & Clare, T.L.
Chemoresistive and photonic hydrogel sensors of transition metal ions via Hofmeister
series principles, 870-77, 2017, with permission from Elsevier.
Abstract
We evaluate the sensory response of hydrogels composed of polyacrylic acid
(PAA) co-polymerized with acrylamido-methyl propane sulfonic acid (AMPS) exposed
to eleven different transition metal ions, which was reacted with hexacyanoferrate ions.
Trends in the chemoresistive responses of the gels to ions of Cu2+, Fe2+, Mn2+, Ni2+, Pb2+,
Co2+, Sn2+, Cd2+, Zn2+, Mo5+, and Ag+ due to the formation of metal hexacyanoferrate
complex are shown to depend upon the strength of the gel headgroup-ion interactions
based on the Hofmeister series and confirmed using Raman spectroscopy. These
hydrogels either showed a decrease in resistivity and swelling with increasing ion
concentration or the opposite effect. Sensitivity by colorimetric and conductivity
measurements was approximately 100 ppb, which can be adjusted by the gel’s
dimensions and density of headgroups within the gel. The photonic and vibrational
characteristics of the gels upon ion addition were investigated for use in
spectroelectrochemical sensing devices by imaging, electrochemical impedance
spectroscopy and Raman spectroscopy.
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1. Introduction
The ability of sorbent materials to collect analytes is closely tied to performance
characteristics in sensors, responsive materials and analyte-delivery systems across a
wide range of fields including biomedicine, corrosion science and environmental
monitoring [73, 102-105]. Hydrogels have been employed in many such devices because
of their attractive characteristics, a list which includes their compositional variability,
tunable mechanical properties, electrolyte exchangeability, sensitivity to stimuli, low
electrical impedance, portability and low cost [75, 106]. Headgroups of hydrogels include
carboxylic acids, ammonium, sulfonates, amides, amines and hydroxyls, which can all be
leveraged to effectively absorb and concentrate metal ions from solution [67-71],
allowing for detection limits in the sub-ppm range. Common device responses are
generated by analyte-headgroup interactions that act to swell or deswell the hydrogel [52,
63, 66, 107, 108], while others involve an added marker in the form of a fluorescent dye,
nanoparticle or colorimetric tag which then gives a measurable spectral change of the gel
in response to analyte concentration [59, 64, 65, 109-112]. Still others use electrical
changes within hydrogels from altered resistance, capacitance, impedance or
voltammetry [53-55]. Because the various responses of hydrogels to analytes are usually
correlated, often multiple signals are produced [54, 107]; and, as multi-responsive
materials, hydrogels are of great interest in dual-functional devices, such as
spectroelectrochemical devices [48, 103].
Detection of metal ion analytes enables important research questions to be
addressed in many fields, including biosensing, environmental monitoring and corrosion
14

science [35, 113, 114]. The ability to determine the concentration of transition metal ions
present in the human body, a body of water, in the air or on a potentially corroding metal
surface is a necessity in order to make informed decisions and treatment plans. In the case
of corrosion of steel and copper alloys, detection of small amounts of Fe2+, Fe3+, Cu+ and
Cu2+ could permit the development of an early corrosion warning system, capable of
signaling the failure of anti-corrosion measures such as protective coatings or cathodic
protection. In the case of environmental analysis, real-time monitoring of heavy metal
ions, such as As3+, Cd2+, Cr3+, Pb2+ or Hg2+, which are considered to be of highest
significance to health [115], could warn if a factory, agricultural practice, etc., presents a
risk to the public and/or environment.
The formation of Prussian blue (PB), the blue pigmented complex
Fe4(III)[Fe(II)(CN)6]3 [99], has been used to detect Fe2+ or Fe3+ in solution when salts of
ferricyanide [Fe(CN)6]3-, or ferrocyanide [Fe(CN)6]4-, respectively, are used [95].
Complexes of other transition and lanthanide metal ions (e.g. Cu2+ [116], Ti4+ [117], Cr3+
[118], Sn4+, Al3+, Mn2+, Zn2+ [93], Co2+, Ni2+, Pd2+, In3+ [92], Ga2+ [119], Y3+ [120], Zr4+
[121], Ag+ [122], Cd2+ [123], La3+ [124], Pb2+ [125], Pt2+ [126], and Bi3+ [127]) may be
also be formed with salts of ferricyanide or ferrocyanide, having the general formula of
Mx+[Fe(CN)6] y-x/y where M= transition metal, [92, 116] and have found potential
application in sensors, environmental remediation, imaging, and energy conversion [92,
117-119, 122]. Both hexacyanoferrate ions and metal hexacyanoferrate complexes have
been characterized by impedance spectroscopy in solution [92, 94, 128-132] and the
unique colors of the complexes allow for spectral differentiation of the metal ions present
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[93, 133]. Given that Prussian blue and its metal hexacyanoferrate analogues can be
formed in aqueous solution, we hypothesize that it is likely that such complexes can also
be formed within hydrogels and used in transition metal ion sensing applications by
colorimetric, electrical and mechanical/volumetric changes.
The electrical and mechanical changes that may occur within hydrogels upon
formation of metal hexacyanoferrates are influenced by the thermodynamic principles
that drive interactions between cations and headgroups. It is known that the introduction
of divalent, rather than monovalent, cations into already existing anionic hydrogel
networks causes an increase in Young’s modulus. This increase is taken to indicate
headgroup-cation interactions that have formed a secondary “ionically cross-linked”
network, in addition to the primary covalently bonded network of the hydrogel. The type
of multivalent cation involved determines the level of interaction; alkali earth cation
interactions typically consist of electrostatic interactions, while interactions with
transition metal cations tend towards quasi-covalent bonds [88-90].
Consideration of the “law of matching water affinities” is relevant in the
discussion of possible headgroup-cation interactions and their intensities of association.
First proposed by Collins in 2006, this law states that ions of similar size have similar
enthalpies of hydration, making them more likely to form close ion pairs than ions of
dissimilar sizes [79]. This law was developed from initial observations by Hofmeister and
has been extensively observed by others [77, 78, 134, 135]. These principles can be
extended to polyelectrolytes, where, for example, a sulfonic acid headgroup is considered
to be chaotropic because it is more likely to form close ion pairs with large, weakly
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hydrated ions [83, 84, 136, 137]. Considering the equation for conductivity:
σ = nμZ

(1)

where σ is conductivity, n is number of charge carriers, μ is the mobility of the charge
carriers, and Z is the charge of those carriers, it is possible to see that the mobility
parameter will be altered by the degree of association between the headgroup and cation.
The associative response of hydrogels to soluble transition metal ions, in turn, affects the
viscosity of water contained within the hydrogel. Viscosity of different aqueous salt
solutions is dependent upon the hydration free energy and the hydrated radius of the
cation, as summarized by Tansel [82]. A strong hydration shell causes more resistance to
flow, and an increased viscosity of water. These types of ions are often categorized as
kosmotropic, which have a polarity greater than that of water and thus their presence
encourages hydrogen bonding between water molecules [82, 83]. It is expected that the
changing viscosity of the water as different types of ions are introduced would also
stimulate changes in the impedance of the hydrogels.
In this study, hydrogels composed of polyacrylic acid (PAA) co-polymerized with
acrylamido-methyl propane sulfonic acid (AMPS) were exposed to soluble transition
metal ions. PAA is known to have a strong proton affinity, so AMPS is likely the primary
ion exchanger in this case [85, 86]. After exposure to transition metal ions, the hydrogels
were treated with ferricyanide or ferrocyanide to form Prussian blue or one of its metal
hexacyanoferrate analogues. The formation of this complex affected the impedance of the
hydrogels, and the unique colors of the complexes allowed for differentiation of the metal
ions present. An advantage of our method is the robust nature of the impedimetric
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detection; there is no need for a marker or tag that could become photobleached or lose
sensitivity over time. In order to measure the concentration of metal ion present, it is only
necessary to measure the impedance at one frequency, allowing for a rapid measurement
with simple data interpretation. These hydrogels have already been utilized to assess the
protective quality of coatings on coated outdoor metalworks (e.g. sculptures) using
impedance spectroscopy, demonstrating its ability to be used as a portable sensor [138].
In this work, we expand the role of such hydrogels to act not only as the solid electrolyte
in an impedimetric sensing device, but to collect and have an active response to transition
metal ions, which are markers of active corrosion.
2. Experimental
2.1 Hydrogel Synthesis
All chemicals for hydrogel synthesis were obtained from Sigma-Aldrich and
solutions were made using deionized H2O. AMPS-co-PAA hydrogels were synthesized
from the sodium salts of 2-acrylamido-2-methylpropanesulfonic acid (AMPS; 50 wt%
solution) and poly(acrylic acid) (PAA; average MW~5100, 50 wt% solution). N,N’methylenebis(acrylamide) (MBA; 1 wt% solution) was used as the cross-linker and the
polymerization was carried out via the potassium persulfate and metabisulfite redox
initiator system (1 wt% solutions) with glycerol added as a humectant. Further details on
the hydrogel synthesis are available in a previously published paper [138].
Once synthesized, the hydrogels were removed from their molds and allowed to
equilibrate with the desired supporting electrolyte for two hours at minimum, and then
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the electrolyte was replaced with fresh solution and the hydrogels again equilibrated for
two hours. This process also allowed for removal of unreacted monomers. The typical
hydrogel thickness after equilibration was 3.0 ± 0.2 mm.
The various supporting electrolytes used were sodium chloride (Fisher Chemical),
cesium chloride (Amresco ultra pure), rubidium chloride (Alfa Aesar 99.9%) strontium,
magnesium, potassium and calcium chloride (Sigma-Aldrich 99%) and were prepared in
deionized H2O at a concentration of 10 mM with a pH of 4. The pH was adjusted with 1
M hydrochloric acid as necessary, measured with an Oakton Ion 510 Series meter.
2.2 Synthesis of Prussian Blue and Analogs in Hydrogels
All reagents were used as received without further purification. To prepare
Prussian blue or one of the other transition metal ion complex analogs within the
hydrogels, 3 cm × 3 cm portions of hydrogel, already equilibrated in supporting
electrolyte as described above, were placed into appropriately sized beakers. Then a μLmL sized aliquot of the desired metal salt stock solution (depending on the desired final
concentration) was added to the beaker, as well as the amount of deionized water needed
to bring the total mL of the metal ion solution and water to 10 mL. Then 90 mL of
10mM NaCl at pH 4 (unless otherwise noted) was added so that the total final volume the
gels were soaked in was 100 mL. The beakers were then covered and the gels soaked for
8-12 hrs. The hydrogels were then removed from the beakers, placed on glass, excess
electrolyte wicked off, and a 375 L aliquot of the appropriate hexacyanoferrate ion was
pipetted evenly over the hydrogel forming a droplet that evenly covered the gels and
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allowed to rest for 30 min, which was a sufficient time for the entire droplet to be
absorbed into the gel and for the complex to form. The concentration of the
hexacyanoferrate ion was kept at approximately 1.25× the stoichiometric equivalent
needed to form the complex (i.e. the transition metal ions were the limiting reactant). It
should be noted that one exception to this procedure are the gels in Figure 2.6, which
were soaked in a total final volume of 10 mL, rather than 100 mL. Solutions of
potassium ferricyanide (Acros Organics 99+%) or potassium ferrocyanide (J.T. Baker
Chemical) were made with deionized H2O, purged with nitrogen, and then stored in the
dark. Solutions of iron ammonium sulfate (Sigma Aldrich 99%) were the source of Fe2+
ions, while chloride salts of Ni2+ (Mallinckrodt), Mn2+ (Merck), Cu2+ and Co2+ (Alfa
Aesar) were the sources of the other transition metal ions.
2.3 Synthesis of Aqueous Solutions of Prussian Blue and Analogs
The color observations presented in Table S1 were prepared as follows. A 550
ppm solution of the respective metal salts were made and ferricyanide or ferrocyanide
was added to be stoichiometrically equivalent. Color changes (or the lack thereof) were
observed and recorded. Chloride salts of Al3+, Pb2+, Ni2+ (Mallinckrodt), Cd2+ (J.T
Baker), Zn2+ (Fisher Science Education), Sn2+, Mo5+ , Co2+, Cu2+ (Alfa Aesar), Zr2+, Cr3+
(Sigma Aldrich), Mn2+ (Merck) and an acetate salt of Ag+ (Matheson Coleman + Bell
99.5%) were used as the sources of the metal ions.
2.4 Colorimetric Analysis
Images were taken with a Nikon D3100 SLR camera in a custom lightbox with
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full spectrum lighting at f/10 with an ISO of 400. Any unreacted ferricyanide was
removed from the gels by rinsing them in fresh electrolyte prior to photographing. ImageJ
1.50i software was used to obtain the average blue value and its standard deviation from
each hydrogel’s image area. The color value reported was obtained by subtracting the
ImageJ blue value from 256 to obtain a positive slope in the calibration plot. Files shot in
RAW were compared to the ProPhoto RGB and sRGB equivalents and less than a 1%
difference in the blue values throughout the entire concentration range was observed.
JPEG files in sRGB color space were used for the final analysis.
2.5 Impedance Spectroscopy
Impedance measurements over a frequency range of 1 MHz - 0.1 Hz were
completed using a Gamry REF600 with Echem Analyst software to process the data. The
potential applied was 20 mV AC versus the open circuit potential. The gels were
clamped between two silver plates (Alfa Aesar) acting as the counter and working
electrodes, respectively, with a Teflon spacer to control the amount of pressure exerted
on the hydrogel. Conductivity was calculated by choosing a frequency where the phase
angle was zero, meaning the Bode plot was entirely resistive at that frequency, which was
20.02 kHz. The resistance value was normalized to the exact area of the gel by dividing
by a calculated cell constant (Кcell), as shown in Equations 2 & 3.
Кcell= 1/gel area
Normalized R= R /Кcell

(2)
(3)
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Equation 4 was used to convert resistance to conductivity. It should be noted that the
data shown in Figures 2.1b & c is the result of three data sets, taken on different days and
merged together.
σ = 1/ρ

2.6

(4)

Swelling Characterization
Throughout the study concentrations are presented as the final concentration

within the hydrogel, reported in ppm. The volume of the hydrogels were calculated after
the transition metal ions were uptaken, inducing gel deswelling. It was assumed that
there was 100% uptake of the ions from solution into the hydrogel. Gel volumes and
swelling changes of the hydrogels were measured using manual Vernier calipers. It was
determined that the average deviation in measured gel volume was 0.4 mm3.
2.7 Raman Spectroscopy
Raman measurements of hydrogels were carried out on a Horiba LabRAM HR
Evolution spectrometer with a 532 nm Laser Quantum mpc6000 laser operating at 5 mW.
The operating and analysis software used was LabSpec version 6. The confocal hole was
set to 400 μm and a grating of the order 600 lines/mm was used. Spectra were collected
using an auto-scanning mode with twenty accumulations. Hydrated hydrogels were
studied using a 10× objective, while dried hydrogels were studied under a 50× objective.
Hydrated hydrogels were encased in a humidity chamber composed of a petri dish
covered with Mylar film. Raman peaks associated with water, at 3000 cm-1, were used in
normalization, to correct for any fluctuations in the hydration state of the gel. To produce
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dry hydrogels, gels were dried within a humidity chamber, where the humidity was
incrementally decreased over the course of a few days to allow for controlled shrinkage
with minimal mechanical damage. Gels were then subjected to a final drying overnight in
an oven set to 60°C.
2.8 UV-vis Spectroscopy
UV-vis spectroscopy of the hydrogels was carried out on a Shimadzu UV-3600
spectrometer that utilized the software UVprobe version 2.33. The hydrogels were
sandwiched between quartz windows and placed in a custom-made sample holder. A gel
of the same supporting electrolyte composition with no added transition metals was used
as the blank reference sample. The spectra were collected from 400 - 1300 nm with a slit
width of 2 nm.
3. Results & Discussion
As shown in Figure 2.1, increasing amounts of soluble iron (II) produced
increasing amounts of Prussian blue within the hydrogels. Changes were observed and
quantified visually (Fig. 2.1a & b) by the increasing saturation of blue color, and also by
an increase in conductivity as measured using electrochemical impedance spectroscopy
(EIS) (Fig. 2.1c). The formation of the Prussian blue color over 30 min is depicted in
Video 1, Appendix. In Video 2, Appendix, the stability of the Prussian blue complex
within the hydrogels is demonstrated, as the gels maintain their depth of coloration while
the excess ferricyanide leaches into fresh electrolyte. The colorimetric response of the
hydrogels produced a logarithmic response (Fig. 2.1b), as has been seen in other
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colorimetric response systems [139-142]. The lower limits of detection and quantitation
for the colorimetric method were 0.10 & 0.15 ppm in solution, respectively, with a
dynamic range of 0.11 – 9 ppm in solution. A UV-vis spectroscopy survey was also
carried out on the PB-gels and the wavelength of the maximum absorbance remained
constant at 712 nm and showed a similar logarithmic response to PB formation upon
exposure to iron ions. The conductivity of the Prussian blue-hydrogel system (PB-gel)
showed a linear response with lower limits of detection and quantitation of 0.07 & 0.23
ppm in solution, respectively, and a dynamic range of 0.11 – 11.1 ppm in solution.

Figure 2.1: a) Photographs of the hydrogels from 0 - 170 ppm Fe2+, with reference dotted lines to aid
in visualization of deswelling that occurs with increasing iron concentration. Gels at 0 & 8 ppm are
outlined in red for clarity. b) Area averaged blue value calibration curve of hydrogels at various iron
concentrations. c) Conductivity calibration curve of conductivity of hydrogels at various iron
concentrations.
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Because the gels accumulate ions from solution over time, the response of the hydrogels
is not greatly affected by the volume of solution present, but rather primarily by the
number of moles of analyte present. This property was observed experimentally when
identically sized gels were exposed to solutions containing the same number of moles of
iron but an order of magnitude difference between the volumes. After exposure to those
solutions for two days the difference in concentration gave only a negligible 2% change
in conductivity when it was measured an hour after applying ferricyanide. Had solution
concentration dictated the predominant response of the gel, we would have expected a
much greater increase, ~40%, in conductivity for the more concentrated compared to less
concentrated solution. The upper limit of the dynamic range for the conductivity
measurements is theoretically only curtailed by the number of ion-binding functional
groups present in the hydrogel; the calculated upper limit of ion uptake in the 3 cm × 3
cm gels used here (the gels can be cut to any size) was 1425 ppm Fe2+ in the hydrogel.
The upper limit of quantification can be increased by increasing the w/w% of sulfonate
monomer during synthesis of the hydrogels; in a test performed in our lab the w/w% of
sulfonate groups in the gels was increased by 10%, which increased the upper limit to
approximately 2050 ppm in the hydrogel.
There are specific advantages to each method beyond their individual quantitative
responses: the colorimetric response allows for rapid visual confirmation of the presence
of iron ions, while conductivity measurements offer more robust quantitation, as it has a
linear response, and may be more suitable for in-situ field measurements, where variable
lighting conditions may challenge the colorimetric determination. Both techniques can be
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considered non-destructive (with the electrical method being so because the applied
voltage is AC and low in amplitude). The hydrogel itself plays an important role in this
sensor system, as it is anionic and thus collects and concentrates transition metal cations.
In Fig. 2.1, the final concentrations of Fe2+ in the hydrogels were 100× higher than the
initial concentration in the respective soaking solutions. Gel concentration increases the
sensitivity of these techniques as compared to solution data: a 25% increase in sensitivity
(based on the slope of the calibration curves) was seen in the gel colorimetric sensor
versus solution, and a 60% increase in sensitivity for the conductivity sensor for the low
to mid-range values (0 ̶ 170 ppm in hydrogel).

Figure 2.2: Deswelling calibration curves for varying Cu2+or Fe2+ ion concentrations via formation of
Cu-HCF(III) or PB integrated hydrogels, respectively. Deswelling is defined as the ratio of the initial
gel volume to the final gel volume at the given concentrations.
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Copper ions (and nine additional transition metal ions, as given in Table S1) were
also detected with the same techniques, this time forming a copper hexacyanoferrate (CuHCF(III)) complex within the hydrogel. The range of concentration detected was 0.11 - 3
ppm in the initial solution with a detection limit of 0.11 ppm Cu2+. In this instance, the
conductance of the system decreased as the concentration of copper ions increased, the
converse of iron ions.
Additional characterization of the responses of these sensors to iron and copper
ions reinforced the opposing conductance trends observed. Specifically, it was observed
that uptake of metal ions into the hydrogels caused the gel to either swell or shrink
(deswell) by varying amounts depending on the type and amounts of transition metal
ions. The swelling/deswelling phenomena, which followed a quantifiable trend (as can be
seen in Figure 2.2 for Cu-HCF(III)), provide another sensing parameter. The swelling
behavior for Prussian blue, while also quantifiable, showed the opposite trend: increasing
deswelling (i.e. shrinkage) with increasing PB in the hydrogel. Rationale for those trends
is provided by close examination of peak positions in Raman spectra.
Prussian blue formed within hydrogels can also be quantitatively detected via
Infrared and Raman spectroscopy. The mid-range wavenumbers (from 900 cm-1 to 1800
cm-1), associated with hydrogen bonding, decrease in intensity with increasing
concentration of PB within the hydrogel, as can be seen in the Raman spectra in Figure
2.3 [143-147]. As would be expected from the conductivity measurements trends, Cu-
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HCF(III) hydrogels display the converse Raman trend, as copper ions affect H-bonding
differently than iron ions.

Figure 2.3: Decreasing Raman peak intensities with increasing PB concentration within the hydrogel.

Direct evidence of the metal complex interacting with the hydrogel matrix can be
seen by comparison of its Raman spectrum with the Cu-HCF(III) hydrogel and bare
hydrogel (see Figure 2.4). At the lower wavenumbers (from 200 cm-1 to 700 cm-1),
unique symmetric stretching peaks attributed to Fe-CN and Fe-C bonds are present only
in the PB gel. As shown in the inset of Fig. 2.4, the SO3- symmetric stretch (from the
AMPS molecule) shows slight peak position shifts, reflecting the different ion types
interacting with the charged headgroup. The bare hydrogel with only electrolyte (NaCl)
present has a SO3- peak at 1047 cm-1, while Cu-HCF(III)-gel shows a slight shift to 1048
cm-1 and the PB-gel has its maximum at 1051 cm-1. The shift of 4 cm-1 for PB-gel versus
1 cm-1 in the case of Cu-HCF(III) gel compared to bare gel, indicates a stronger
interaction between the Fe2+ and SO3- than Cu2+ and SO3- [148]. Characteristic strong CNsymmetric stretches are present for both PB-gel and Cu-HCF(III) gels; those Raman
spectral data can be viewed in the supporting information.
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Figure 2.4: Raman spectra of gels containing Prussian blue (blue trace), Cu-HCF(III) (red trace), and
a gel with no added metal ions denoted as “Bare gel” (broken lines). The inset shows a magnified view
of the AMPS SO3- symmetric stretch for all three hydrogels. Spectra are normalized to the sulfonate
peak.

The law of matching water affinities drives the strength of interaction between ion
and headgroup. Ferrous iron ions, when compared to cupric ions, can be expected to have
a stronger interaction with the sulfonate group, based on ion size and charge density
differences [83, 149]. Thus, the opposite conductivity and swelling trends seen for PB
and Cu-HCF(III) gels can be explained by the differing strengths of association. Because
iron ions within the PB complex strongly interact with SO3- headgroups, co-ions
originally associated with those headgroups for charge balance are dislodged and
experience greater mobility, reducing the electrolyte viscosity and increasing the
conductivity of the hydrogel, as presented in Fig. 2.1. In contrast, because Cu2+ does not
associate as strongly with the sulfonate headgroup, conductivity of the hydrogel
decreases as free Cu2+ is converted into the neutral Cu-HCF(III) complex.
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Deswelling trends can be similarly explained by considering the strength of
transition metal ion interactions with the hydrogel headgroups, as well as the propensity
of the transition metal ions to form a secondary ionic cross-linked network within the
hydrogel. The strong interaction of Fe2+ (and therefore Prussian blue) with the hydrogel’s
headgroups causes an increase in the degree of ionic cross-linking in these highly
charged, anionic hydrogels [50, 150]. While ionic cross-linking usually causes
deswelling, it also likely restricts the amount of deswelling that can occur. The stabilizing
effect of ionic cross-linking can be seen when comparing the deswelling trend of CuHCF(III)-gels (which shows a large change in % deswelling) to that of Prussian blue
(which shows a fairly small change). For Prussian blue, it is likely the formation of a
substantive three-dimensional network that, once formed, acts to prevent further loss of
water, which has been reported in other studies [88, 151]. In the case of Cu-HCF(III)gels, deswelling of the hydrogel was observed due to two factors: 1. neutralization of
charge upon formation of the neutral complex and 2. the ratio of the hydrated radii of CuHCF(III) and the original headgroup co-ions driving the overall increase in swelling. It is
presumed that the hydrated radius of the Cu-HCF(III) is larger than individual electrolyte
ions. Therefore, when the ratio of Cu-HCF(III) to electrolyte ions is greater than one, the
amount of deswelling decreases. The trends for both PB and Cu-HCF(III)-gel deswelling
can be seen in Figure 2.2.
It is noteworthy that when Ni2+ and Mn2+ hexacyanoferrate complexes are formed
in the hydrogel, they follow the conductivity and deswelling trends of Cu-HCF(III) and
Prussian blue, respectively. This result was expected, as the hydrated radius of Ni2+
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relates more closely to Cu2+ and that of Mn2+ to Fe2+; and their predictable behavior offer
further evidence that these trends are driven by gel headgroup preference via ionic radius
and charge density.
In order to provide more evidence for the hypothesis of the ion-headgroup
interaction driving the swelling and conductivity trends seen in Fig. 2.1, hydrogels were
equilibrated in chloride-based supporting electrolytes with varying mono- and divalent
counter-cations (Na+, K+, Cs+, Rb+ and Ca2+, Sr2+, Mg2+). Hydrogels showed conductivity
differences based on cation size and affinity for the gel’s headgroups. The gels with
various monovalent cations showed the following conductivity trend: K+ > Rb+ > Na+ >
Cs+. When Fe2+ was then equilibrated into those various hydrogels, conductivities of the
gels increased to a similar value, an average of 32 ± 4 μSiemens. Once ferricyanide was
added and Prussian blue formed, the conductivities of the hydrogels increased again to

Figure 2.5: Category plot of the conductivities of hydrogels equilibrated in various chloride
electrolytes. Solid bars indicate conductivities of gels with electrolyte only; the patterned bars indicate
the conductivities of the gels with Prussian blue formed within the hydrogel.
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follow the same original trend: K+ > Rb+ > Na+ > Cs+, as can be seen in Figure 2.5. K+ as
a supporting electrolyte showed a particularly large increase in conductivity after the
formation of Prussian blue. It is known that Prussian blue formed in the presence of K+
ions is considered to be a water soluble form of Prussian blue, where K+ ions occupy
interstitial spaces in the lattice framework [152, 153]. These K+ ions act as a charge
balance, and as such the stoichiometry of the complex changes from
Fe(III)4[Fe(II)(CN)6]3 to K4Fe(II)4[Fe(II)(CN)6]3. This change in structure likely
contributes to the extra increase in conductivity seen in Figure 2.5. Divalent cations were
observed to have an increase of roughly double the conductivity versus the monovalent
ions, as would be expected. Mg2+, according to the law of matching water affinities,
should have the least affinity for the AMPS groups and indeed it has the highest
conductivity, while Ca2+ and Sr2+ have lower conductivities. Finally, it is notable that
when the calculated gel uptake capacity is surpassed with a high concentration of Fe2+,
the trends described above were not observed; in that case it was the excess iron ions that
dominated conductivity of the hydrogel. For the same reasons, if the electrolyte salt
concentration was increased above the uptake capacity, the trends were again not visible.
In the course of this study, many different metal hexacyanoferrate complexes
were formed within the hydrogels. A small sampling of the complexes that display
obvious unique colorimetric and swelling changes are shown in Figure 2.6. A list of the
colors seen for metal hexacyanoferrate complexes formed during the course of this study
can be found in S1. These results suggest that combined spectral information and
conductivity measurements will allow for identification and quantitation of a range of
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different transition metal ions.
4. Conclusion

Figure 2.6: 3 × 3 cm hydrogels exposed to various transition metal ions that produce different colored
complexes upon addition of hexacyanoferrate. Swelling changes can be seen with varying (in gel)
concentration. Gels with manganese ions are are shown on a gray background to increase contrast. The
dashed lines correspond to 3 × 3 cm, and are shown to enable comparison of relative deswelling of the gels.

Hydrogels were used as a sensor for transition metal ions, utilizing the responsive
behavior of the hydrogels for a variety of detection methods – photonic, chemoresistive,
and vibrational – which can be employed in unison as confirmatory methods, or in
tandem based on available instrumentation. An understanding of the physical chemical
principles governing aqueous electrolytes provides the necessary insight to interpret data
trends. Because the high charge-density of the gel’s headgroups preconcentrate transition
metal ion analytes, detection limits approach the ppb level. Altering the hydrogel
headgroup type, density and supporting electrolyte type and concentration would enable
these sensors to be further optimized for sensitivity to different types and concentrations
of transition metal ions. It is conceivable that a matrix of hydrogels of differing
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compositions could be deployed as a sensor array for various ion concentrations and
types.
5. Supplementary Material
Table 2.1: List of transition metal ion solutions and the respective colors formed when combined with
either HCF(III) (ferricyanide) or HCF(II) (ferrocyanide).

* denotes an ion combination shown in the photograph of Figure 2.6
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The Raman spectra of gels containing Prussian blue (PB) or copper ferricyanide
(Cu- HCF(III)) can be compared to that of a hydrogel containing only NaCl (Bare) to find
a number of characteristic peaks. At 2114 and 2150 cm-1 are the strong symmetric
stretches of cyanide groups, present only in the gel spectra of metal hexacyanoferrate
complexes (M-HCF). Both are shifted away from the typical free cyanide stretch of 2080
cm-1, indicating a change in energy due to bonding to metal ions [153]. The mid
wavenumber range of approximately 700-1800 cm-1 contains peaks primarily originating
from the hydrogel structure [148, 154-156]. In the low wavenumber range of
approximately 50-650 cm-1 there are a few relatively weaker intensity peaks in the bare
gel, while in the hydrogels containing M-HCF hydrogels the same peaks are present, with
the addition of characteristic M-HCF peaks as follows. The peaks at 506 and 595 cm-1
were assigned to Fe-C stretches [153, 157-159], the slightly lower wavenumber peak of
475 cm-1 to a Fe-N stretch [157, 159, 160], the peak at 357 cm-1 to bending of Fe-CN
[153, 159-161], and 208 cm-1 to bending of N-Fe-N [160]. It is possible that the
heightened intensity of the peak at 96 cm-1 is due to a bending peak of C-Fe-C in the gels
contained M-HCF, but that is not clear [153].
Copper ions form a dark red complex when reacted with ferrocyanide and a
golden yellow complex when reacted with ferricyanide, as denoted in Table S1. In
Figure S2.7, the Raman spectra of the two species are compared to gel only. Spectral
intensity and wavenumber differences between the two complexes can be seen primarily
in the high energy region, although there is also a significant difference between the CNpeaks in the 2000-2200 cm-1 region.
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Figure 2.8: Raman spectra of gels containing Prussian blue and copper ferricyanide (Cu-HCF(III))
and a gel without added complex, denoted as “Bare gel”. Spectra are intensity normalized to the
sulfonate peak at 1040 cm-1.

Figure 2.7: Raman spectra of gels containing copper ferricyanide (Cu-HCF(III)) and copper
ferrocyanide (Cu-HCF(II)) and a gel without added complex, denoted as “Bare gel”. Spectra are
intensity normalized to the sulfonate peak at 1040 cm-1.
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Chapter 3: Rapid quantitative photonic and impedimetric responses of hydrogel-based
sensors for the in situ evaluation of corrosion inhibitors on steel
ABSTRACT
A direct sensor to quantitatively evaluate the inhibitory performance of a range of fatty
acid corrosion inhibitors for steel is described. The sensor consists of a buffered
polymeric hydrogel of 2-acrylamido-2-methylpropanesulfonic acid and poly(acrylic
acid), equilibrated in potassium ferricyanide. This sensor responds to soluble transition
metal ions by complexation to produce metal hexacyanoferrate, a process which rapidly
induces measureable spectroelectrochemical changes. The aliphatic chain lengths of the
organic acids evaluated ranged from one (formic acid) to twenty-two (behenic acid).
Based on the understanding that comparatively ineffective corrosion inhibitors evolve
soluble transition metal ions from the substrate in greater concentration than more
effective inhibitors, production of the metal complex is quantified in two ways:
colorimetrically and impedimetrically. X-ray photoelectron spectroscopy (XPS) was
utilized to characterize differences in the surface chemistry across the range of inhibitors
studied and to connect this work to other studies that investigated the surface coverage of
some of the same molecules on steel. The contextualization of our simple, quantitative
sensor responses via XPS and published literature suggest an improvement over current
corrosion testing techniques, offering earlier, in situ detection with an understanding of
the surface processes usually limited to advanced, high-vaccum techniques such as XPS.
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INTRODUCTION
In 2016, the National Association of Corrosion Engineers (NACE) estimated the
worldwide cost of corrosion to be $2.5 trillion U.S. dollars, or 3.4% of the global GDP
[2]. To reduce corrosion costs, NACE encouraged the implementation of corrosion
management systems along with advanced anti-corrosion technology [2]. One remaining
challenge is developing the capability to sense preliminary stages of corrosion, which
would inform and direct treatment decisions while reducing corrosion costs by an
estimated 30% [40, 162]. Electrochemical and advanced spectroscopic techniques are
methods currently used for corrosion sensing [6-8, 13, 23, 29, 163-166]. However, those
techniques are not widely used in-situ, because they are difficult to adapt for field use,
such techniques are often expensive, require a great deal of interpretation and training to
use, and only detect the later stages of corrosion. There exists a need for inexpensive,
robust, non-destructive, sensitive and easily interpreted corrosion-detection
methodologies that can quantify the initial markers of corrosion.
Hydrogels offer the possibility of capturing and detecting markers of early corrosion (i.e.
soluble transition metal ions) through a variety of chemical and physical responses [28,
33-35]. Hydrogels can bind transition metal ions that, when reacted with
hexacyanoferrate ions, [FeII(CN)6]4− or [FeIII(CN)6]3−, form complexes in the gel
having the general structure Mx+[Fe(CN)6] y-x/y, where M= transition metal, which
cause the electrical, spectral and mechanical properties of the material to be altered in
measurable ways [72]. Iron hexacyanoferrate complexes, or Prussian blue (PB), are the
most well-known complexes to form [96, 167], but many transition metals form similar
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complexes (e.g. Cu2+ [116], Ti4+ [117], Cr3+ [118], Sn4+, Al3+, Mn2+, Zn2+ [93],
Co2+, Ni2+, Pd2+, In3+ [92], Ga2+ [119], Y3+ [120], Zr4+ [121], Ag+ [122], Cd2+
[123], La3+ [124], Pb2+ [125], Pt2+ [126], and Bi3+ [127]), offering the potential for as
many different ion-specific sensors. Hydrogel composition can be varied by changing the
headgroup identity [67-71] or by altering the monomer and/or cross-linker ratios [168170], resulting in tailored chemical and mechanical properties towards a specific analyte
or sensor setup [75, 107, 171]. The flexibility and conformability of hydrogels, as well as
their self-containing, encapsulatory nature, greatly increases their utility compared to
inflexible and solution-based sensors and actuators [138, 172-174].
While in the past, heavy metals (e.g. chromates and molybdates) or other inorganic
oxides (e.g. phosphates and nitrates) were used as corrosion inhibitors, more
environmentally-benign alternatives are finding greater usage, such as saturated fatty
acids; carboxylic acids with methyl-terminated hydrocarbon chains of varying length
[175-178]. Specific studies evaluating the efficacy of methyl-terminated fatty acids on
steel as corrosion inhibitors are virtually non-existent; yet, related studies on the
structures of such monolayers on steel offer an understanding of the fundamental trends
to infer their inhibitory efficacy. As the chain length of fatty acids increase, the aliphatic
tails experience greater intermolecular forces, which allows for a greater degree of order,
crystallinity, and self-assembly than shorter chain lengths [179-182]. These increased
intermolecular forces reduce the intermolecular distance at the interface, producing
greater packing densities [183-185], as well as fewer gauche conformational defects [175,
186, 187], yielding a greater protective quality against corrosion [188-190].
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Here, the effectiveness of saturated fatty acid corrosion inhibitors having a range of
aliphatic chain lengths (i.e. formic, butyric, hexanoic, decanoic, myristic, stearic,
arachidic and behenic) were studied to compare and contrast our sensing methodologies
to established methods. Comparing the colorimetric response of hydrogels to their
impedimetric response gives greater insight to the behavior of transition metal ions
within. X-ray photoelectron spectroscopy allows mechanistic interpretation related to
other fundamental studies and the evaluation of the relative effectiveness of the fatty acid
corrosion inhibitors studied. This work demonstrates a simple methodology using
hydrogels to quantitatively evaluate the efficacy of different corrosion inhibitors and
detect the earliest stages of corrosion.
METHODS
2.1 Synthesis of Hydrogels
Hydrogels were synthesized via a previously published method [138], using the
sodium salts of 2-acrylamido-2-methylpropanesulfonic acid (AMPS; 50 wt% solution)
and poly(acrylic acid) (PAA; average MW~5100, 50 wt% solution) as the co-monomers,
with N,N’-methylenebis(acrylamide) (MBA; 1 wt% solution) as the cross-linker.
Polymerization occurred via free radical reactions with potassium persulfate and
metabisulfite as the initiators. Glycerol was used as a humectant. All chemicals were
purchased from Sigma-Aldrich and used without further purification.
The hydrogels typically polymerized within an hour. They were then removed
from their molds and allowed to equilibrate with the chosen supporting electrolyte or
buffer for at least two hrs, a process that also removes unreacted monomers and allows
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for greater homogeneity in the gel. The electrolyte or buffer was then replaced with a new
aliquot of solution and the hydrogels were again equilibrated for two hrs. The thickness
of the hydrogel after this process was typically 3.0 ±0.2 mm.
The primary buffer used in this work was a 0.1 M tris buffer,
Tris(hydroxymethyl)aminomethane, VWR Ultra-Pure Grade) at a pH of 7. The pH was
measured using an Oakton Ion 510 Series meter and was adjusted using 1 M hydrochloric
acid as necessary.
2.2 Preparation of Steel Plates
SAE 1008/1010 3” × 6” steel panels were purchased from Q-Labs (chemical
composition 0.60% max Manganese, 0.15% max Carbon, 0.030% max Phosphorus,
0.035% max Sulfur). Preparation of the panels began by soaking them in xylenes for
approximately an hour to remove any non-polar contaminants from the surface. They
were then removed from the xylene bath, wiped with a clean lint-free cloth and placed
into a bath of isopropanol for approximately 20 min to solubilize the xylenes. The plates
were then sanded with 320, 400, 600, 800 & 1000 grit wet/dry sandpaper (McMasterCarr), alternating directions, until a smooth, reflective surface was obtained. Afterwards
the plates were immediately sonicated (Bransonic PC-620) in isopropanol to remove any
leftover sanding grit. The sonication process continued until a white, clean lint-free cloth
soaked in isopropanol showed no signs of discoloration when wiped across the plate. The
plates were then dried with nitrogen and treated with corrosion inhibitors as soon as
possible (no more than two hours elapsed between preparation and treatment).
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2.3 Treatment of Steel Plates with Corrosion Inhibitors
Seven fatty acids were tested for use as corrosion inhibitors in this study: butyric,
hexanoic, decanoic, myristic, stearic, arachidic and behenic acid, all obtained from TCI
America at 98% purity or higher. Butyric, hexanoic, decanoic, myristic and stearic acid
were dissolved in 95% ethanol to make a 10 mM solution. Arachidic and behenic were
dissolved at the same concentration in a 4:1 mix of 95% ethanol and chloroform. Stearic
acid was also dissolved in this same 4:1 mix and re-analyzed to compare the results to the
prior stearic acid in ethanol alone.
Freshly prepped steel plates were placed in glass Pyrex dishes and covered with
freshly prepared fatty acid solution. Nitrogen was bubbled through the solution for
approximately 20 min, then the solution was covered and left for 24 hrs. At the 24 hour
mark the plates were removed and sonicated in ethanol for five min to remove any solely
physisorbed molecules. The plates were then removed, dried with nitrogen and any
desired analysis performed immediately. Three other treatments were used as a control:
freshly sanded plates with no other treatment, plates soaked in 95% ethanol, and plates
soaked in 10 mM formic acid.
The plates analyzed with X-ray photoelectron spectroscopy (XPS) were prepared
in similar fashion, but with semiconductor grade solvents and while minimizing the
exposure of the plates to air to avoid the buildup of superfluous adventitious carbon.
2.4 Colorimetric Analysis of Corrosion Inhibitors
The equilibrated hydrogels were cut into 3 cm × 4 cm pieces, then a small aliquot
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of 15 mM potassium ferricyanide (Acros Organics 99+%) was pipetted evenly across the
surface and allowed to equilibrate for 30 minutes. Once the 30 min were completed, three
hydrogels were placed on each steel plate and the plate was then placed in a photography
light box (ESDDI 32” × 32” with 85W E27 daylight fluorescent light bulbs). A Nikon
camera was custom white-balanced to the light conditions with a Munsell X-rite Card and
images were taken with f/10 with 1/15 second exposure and an ISO of 200. Images were
taken at 0, 15, 30, 45, 60 & 75 min.
The images taken at 60 min were chosen for analysis, as there was not a
significant increase in the amount of Prussian blue seen after this time point. “Blank”
gels, with the ferricyanide, but with a sheet of Mylar forming a barrier between the
hydrogel and the steel plate, were also photographed. All the images were color-balanced
to the Munsell X-rite Card and straightened in Adobe Lightroom, version 2015.7. They
were then imported into ImageJ 1.50i and the RGB threshold color set to the average +
6× standard deviation of the control gels. The histogram values were obtained through
ImageJ’s particle analysis macro. The histogram values were converted to Fe2+ quantities
through a previously obtained calibration plot [72], which was adjusted for differences in
background values.
2.5 Electrochemical Impedance Spectroscopy
Measurements were made using a Gamry 600 reference potentiostat with Echem
Analyst software. Spectra were run from 1 MHz - 0.1 Hz with 20mV applied AC
potential versus the open circuit potential. Hydrogels soaked in tris buffer (described
above) and cut to 3 cm × 3 cm were used as a solid electrolyte, a methodology described
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elsewhere [138]. Silver foil pieces were used as the counter and working electrodes, with
PDMS spacers to control the hydrogel area. Hydrogel dimensions were measured using
manual calipers and the exact surface area used for normalization. The spectra were fit to
equivalent electrical circuits (EECs) for interpretation.
2.6 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy was performed using a Phi VersaProbe II
instrument with a 200 μm beam, coupled with Multipak software. High-resolution spectra
were collected at a pass energy of 23.5 eV with 0.025 eV step resolution and a time of 0.8
seconds per step, while survey quality spectra were collected with a pass energy of 187.85
eV with 1.6 eV step resolution.
Peak fitting was performed with phi MultiPak software, version 9.5.0.8. An
iterated-Shirley background with Gaussian-Lorentzian peak fits were used. Trends in the
relative peak areas were interpreted utilizing established understanding of attenuation of
photoelectrons with increasing carbon chain length [191, 192].
RESULTS & DISCUSSION
Formation of PB within hydrogel sensors demonstrated the evolution of soluble
iron species from steel substrates, thus indicating active corrosion. Substrates treated with
different chain lengths of fatty acids showed discernible trends in the average amount of
PB formed within the hydrogel sensors, as shown in Fig. 3.1a. The images in Fig. 3.1b
show the sensors in situ: hydrogels containing ferricyanide were placed on steel
substrates treated with a range of corrosion inhibitors. The spots of PB that formed varied
in their blue tone and size. To capture the distribution of the responses on each sensor,
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blue values of each spot were measured, compared to calibrated PB hydrogels [72], and
the results were plotted in Fig. 3.1a. The histograms in Fig. 3.1a show that the range and
average amount of Fe2+ present. It was generally observed that for the plates treated with

Figure 3.1: a) Heat map of nanomoles of Fe2+ detected based on the calibrated colorimetric response
for each of the inhibitors evaluated, where n= the number of carbons in the inhibitor. Two controls
were utilized; “solvent only” refers to a plate soaked in ethanol without inhibitor, while “freshly
sanded” refers to a plate tested immediately after sanding. The solid blue line represents the average
nanomoles of Fe2+ detected on substrates that had been prepared using corrosion inhibitor dissolved in
ethanol alone, while the dashed line and squares indicate the same except the inhibitors were dissolved
in a 4:1 mixture of ethanol and chloroform (required for solubility reasons), also indicated by asterisks
in the legend. The horizontal diamond marker indicates the average for ‘solvent’ and the horizontal
diamond marker indicates the average for ‘freshly sanded’. b): Images showing the range of PB
formation behavior. The increasing yellow coloration evident in the images moving to the right is due
to unreacted ferricyanide remaining within the gel.
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the longer chain fatty acids (>10 carbons), the gels had formed smaller, more localized
spots of PB, in shapes with greater circularity, while the shorter fatty-acid chains
(approximately 0-6 carbons) formed PB in larger, irregular areas across larger regions of
the sensor, as can be seen in Fig 3.1b. Considering the pKa values of the different acidic
headgroups aids in interpretation of the singular exception to the overall trend, which was
seen in formic acid-treated plates. Formic acid, having a pKa of 3.75 is lower than the
other acids (which range between 4.5-5); and given its greater acidity, it that likely led to
increased corrosion, producing insoluble iron species. That hypothesis was supported by
visual inspection, which revealed orange corrosion products on the formic acid-treated
plate (which were not present on any of the other inhibitor-treated plates).
The overall trend of improved corrosion inhibition with increasing fatty acid
chain lengths is ascribed to multiple factors, including higher melting points with longer
chain lengths, and therefore increased intermolecular forces. Inhibitors having chain
lengths <10 have melting points below room temperature; and it is interesting to note that
corrosion inhibitor performance increases most substantially as the melting points
increase above room temperature (e.g. myristic, with 14 carbons has a melting
temperature of 54.2°C). The two longest chains tested, arachidic and behenic acid, are too
nonpolar to be dissolved in ethanol alone, and therefore were dissolved in a 4:1
ethanol/chloroform mixture. To enable comparison with the shorter chain data set (n=118), where only ethanol was the solvent, stearic acid was also dissolved in the 4:1 ethanol
to chloroform ratio. When stearic acid was dissolved in the 4:1 mixture, the amount of
PB formed on the plate decreased slightly, likely due to improved solubility that allowed
for better dispersion compared to the ethanol-only solutions. That this simple colorimetric
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technique detected differences in the inhibitory nature of these monolayers demonstrates
the excellent sensitivity of the sensors.
As can be seen in Figure 3.2, there were also instances where deliberate damage
(scratches) on the plate were distinguishable by the localized formation of PB along the
contours of the damage. The ability to detect such localized damage would allow for
area-specific treatment, therefore lessening repair costs.

Figure 3.2: a) Steel plate with line scratched through a stearic acid film and into the metal. b) Image
taken 30 min after gel was applied.

The hydrogel sensors were also evaluated for their electrochemical response to
transition metal ions and to the formation of PB. Standard cell EIS (using a standard glass
cell with liquid electrolyte) was attempted but proved unsuccessful, as the plates corroded
too quickly under the strong electrolyte. Hydrogel cell EIS provided a successful
alternative, as it lessens the oxidative conditions compared to standard cell EIS and has
been found to be more sensitive to surface phenomena [193]. Typical Bode plots for
plates treated with and without corrosion inhibitor are shown in Figure 3.3. At the highest
frequencies, instrumental inductance was present. The solution resistance of the hydrogel
was seen in the high- to mid-range frequencies, before a capacitive region attributed to
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Figure 3.3: a) Representative impedance plots of corrosion inhibitors on steel. Green circles represent
a plate tested immediately after sanding with no inhibitors added. Pink squares represent a plate
modified with stearic acid. Closed markers are the impedance modulus spectra, while open markers
are the phase angles. b) Equivalent circuit model used to fit all the EIS plots without added
ferricyanide. L= inductor, R1= solution resistance, CPE= constant phase element and R 2= charge
transfer resistance.

the double layer formed at the interface of the steel and the hydrogel solid electrolyte. At
the lowest frequencies, the beginnings of a resistor was seen, and attributed to the charge
transfer resistance. Greater insight into the inhibitory behavior of the treated panels can
be gained from closely examining the individual circuit element(s) that vary depending
on surface treatment. As can be seen in Figure 3.4, the CPE-P values closely follow the
quantitative colorimetric trend. The freshly sanded plate had a CPE-P value of 0.8644,
while the plates soaked for 24 hrs showed an increase in the CPE-P value, signifying the
formation of more charged species at the surface. However, with increasing length of
aliphatic chain, the CPE-P value once again decreased, as the aliphatic chain blocked
access of the electrolyte to the plate surface, as is consistent with other studies [194]. In
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Figure 3.4: Comparison of colorimetric trends with EIS CPE-P values and cutoff frequencies. Blue
circle markers represent the average nanomoles of Fe2+ present, the green diamond markers are the
plotted CPE-P values and the red square markers are the cutoff frequencies. The solid lines represent
corrosion inhibitors that were dissolved in ethanol alone, while the dashed lines represent corrosion
inhibitors that were dissolved in a 4:1 mixture of ethanol and chloroform. The disconnected diamond
markers represent freshly sanded plates.

the case of formic acid, since it lacks a chain of any length, its CPE-P value suggests the
formation of an oxide layer that partially prevented the formation of charge layers at the
surface. The cutoff frequency, calculated as νcutoff = 1/(Rct × Cdl), follows a similar trend
as the other two plotted values. The cutoff frequency decreases from butyric (0.15 Hz) to
stearic (0.05 Hz), indicating a reduction of the kinetic energy of the charge-carrying
species as the chain length increases. As chain length extended beyond stearic acid, the
trend started to deviate, due to a decrease in the values of double layer capacitance (Cdl),
while the charge transfer resistance values continued to increase. The values of the circuit
elements provide insight into the surface structure of these systems: there likely exists
disorder and/or packing defects that detract from the inhibitory quality of the longest two
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chains, which is seen as an effect on the organized structure of the double layer, while the
average thickness of the layer continued to increase, which is seen as an increase in the
charge transfer resistance.
These hydrogels were used to directly sense Fe2+ by their electrical response; the
gels were pre-loaded with ferricyanide and formation of PB within the gels was
hypothesized to provide a detectable impedance change. Such hydrogels showed a
decrease in the CPE-P values when compared to hydrogels without ferricyanide.
Formation of PB sequesters Fe2+, a charged species, which would ordinarily contribute to
the double layer capacitance; the observed decrease in the CPE-P value indicates a
reduction in the concentration of soluble iron species. As can be seen in Figure 3.5, the %
change in the CPE-P values reflect the relative changes corresponding to each treatment.
Plates soaked in ethanol alone showed the greatest decrease in CPE-P value; as there was

Figure 3.5: Comparison of % decrease in CPE-P values for various treated panels. The % change is
based on difference between the types of hydrogels used: hydrogels pre-loaded with ferricyanide
compared to those without.
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no inhibitor present those panels rapidly evolved Fe2+ at their surfaces. As the chain
length of the corrosion inhibitors increased, sequentially smaller changes in the CPE-P
values were seen, due to the protective nature of the aliphatic chains inhibiting the
production of Fe2+ at the surfaces.
These observations in the colorimetric & EIS trends suggest that the production of
soluble charged iron species from the treated substrates decreases with increasing chain
length. This study included longer aliphatic chains than were used in some other studies
in the hope of locating a turning point, after which no further gains in the inhibitory
powers could be observed. The off-trend cutoff frequency for behenic acid suggests that
there begins to be such a turning point at a chain length of 22. Chain lengths exceeding
22 are not practical for this application: they are significantly costlier and they are
insoluble in the solvent mixture used, while other nonpolar hydrocarbon solvents have
been found to form dimers with fatty acids, rendering them insoluble [195].
To gain a more fundamental understanding of the interactions between fatty
acids and steel panels, XPS was utilized. The XPS spectrum of the Fe2p3/2 peak for a
representative panel is shown in Figure 3.6. Overall, the XPS spectra for the various
inhibitor-treated panels showed a broad peak attributed to Fe3+ with a maximum peak
value that ranged from 710.38-710.59 eV (no discernible trend in the eV for the different
chain lengths) and a satellite peak of Fe3+ (Fe3+sat) at 712.66-713.47 eV. A distinct peak at
706.65-706.72 eV is attributed to Fe(0), while the shoulder between Fe(0) and Fe3+ is
attributed to peaks of Fe2+ (707.4-707.59 eV) and (708.1-708.38 eV). The fit is greatly
improved by the inclusion of two peaks, likely due to multiple Fe(II) species present on
the surfaces [196].
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The trends in the XPS data (Fig. 3.6b) correlate with those found through the
colorimetric and EIS data. The amount of both divalent and trivalent iron species detected
decreased with increasing chain length, indicating that less of those species were
produced by those plates. While formic acid-treated panels had less Fe2+ and Fe(0)
species compared to panels treated with butyric acid, they had increased Fe3+ peak areas
which supports the visual observations made for formic acid -- that it permitted the
formation of insoluble corrosion species, a more advanced stage of corrosion.

Figure 3.6: a) Fe2p3/2 portion of XPS plot of a steel plate modified with stearic acid. Solid trace is the
spectrum, while the lighter dashed lines depict the peak fits. Peak at 706.64 eV is assigned to Fe(0),
peaks at 707.5 eV and 708.27 eV are assigned to Fe 2+, while the peaks at 710.54 eV and 713.47 eV are
assigned to Fe3+ and the satellite peak of Fe3+, respectively. b): Black circle markers indicate the
expected intensity decrease (y= -0.092), while red square and blue triangle markers indicate the
normalized peak areas of Fe3+ (y= -0.1486x, R2= 0.865) and Fe2+ (y= -0.1271x, R2= 0.9618),
respectively. The open markers indicate the values for formic acid, not used as part of the fit lines.
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In this study a simple quantitative colorimetric technique was used to quickly
confirm the presence of nanomole quantities of iron ions. As noted, Prussian blue has
many transition metal analogs and, based on prior work, it is likely that these analogs
could also be used as other specific ion sensors with colorimetric and impedimetric
changes [72]. The impedance characteristics of the corrosion inhibitor thin films, based
on equivalent circuits, have similarly shaped trends with the colorimetric data,
demonstrating the capability of the dual sensing modes (i.e. spectro-electrochemical
detection). The impedimetric data showed that with longer aliphatic chain length there is
a decreased cutoff frequency and greater resistance to charge transfer. The CPE-P values
suggest that there were decreased available charged species present on the surface as a
result, an expected characteristic of an effective corrosion inhibitor. The correlation
between chain length and corrosion inhibitor efficacy is also demonstrated in the XPS
data, which showed decreased oxidized iron peak areas with increasing chain length. To
the authors’ knowledge, this is the first published study where quantitative amounts of
specific ions solubilized from a corroding metal surface have been directly recorded and
visualized via the described portable, low-cost technique utilizing hydrogels. It is hoped
that this will serve as a useful study for the development of quantitative benchmarks in
corrosion processes.
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Chapter 4: Conclusions & Final Thoughts
This body of work has successfully demonstrated capture and detection of
corrosion-induced metal ions by hydrogel-based sensors. The intelligent nature of the
hydrogel response to transition metals produces multiple complementary sensing
mechanisms. The colorimetric response is inexpensive, accessible and allows for rapid
visual confirmation of ongoing corrosion. The electrical sensing offers a slightly wider
dynamic range, a perhaps more desirable linear response (as opposed to logarithimic),
and an alternative response if the lighting conditions are not ideal. The calibrated ranges,
which are comparable to current sensor literature, are also shown to be suitable for the
proposed application of corrosion sensing, based on the ion concentrations collected from
a set of steel substrates. The ability to collect these ion concentrations will be
considerably useful for the future of corrosion prevention. Beyond these two calibrated
sensing methods, volumetric, mechanical and vibrational changes were also seen in the
hydrogels and could be further explored in the future.
The sensors’ demonstrated ability as substrate ion sensors and their previous
success in the field as solid electrolytes make them a strong candidate for in situ work
[193, 197]. In comparison to current literature techniques for detecting corrosion, these
sensors detect the earliest signs of corrosion, a vast improvement over the current practice
of detecting the signs of advanced corrosion damage, when it is far too late to mitigate
the damage. The hydrogel sensors were compared to two literature standard techniques;
EIS, which is the standard technique for evaluating inhibitor films, and XPS, an advanced
technique for determing elemental composition. The correlation with both techniques was
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excellent, indicating that this far cheaper, field-friendly and more accessible technique
produces comparable results, while also producing a unique set of information of its own.
The ability of the hydrogels to distinguish between various transition M-HCF
complexes based on their absorbances could be leveraged for various applications. In the
field of corrosion detection, one application may be to detect specific element-specific
flaws in alloys, or to detect metal ions leaching from a coating as it loses its protective
quality. Beyond the study of corrosion, the hydrogels have alternate applications
(environmental, biomedical) that would benefit from a sensor that can differentiate
between ion species in a mixture. With this in mind, one of the primary aspects that
future work on this project should focus on is determining and improving upon the exact
specificity of the sensors if necessary, through voltammetry, UV-vis, or alternate
methods.
Based on the data presented in Chapter 3, the hydrogels demonstrate the ability to
“map” regions of a substrate. The colorimetric data, typically visible to the naked eye,
has revealed deliberate damage to the substrate, as well as seeming to show defects in the
corrosion inhibitor films. While this ability was only peripherally investigated in this
body of work, this is an ability that could be utilized to identify which regions are
contributing to corrosion and therefore warrants further study.
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Appendix: Video Files

Video 1. Depicts the process of forming Prussian blue within the hydrogels. The
concentrations shown are the ppm within the hydrogel.
Filesize: 1788 KB
Filetype: Audio Video Interleaved (.avi)
Possible required software: Free VLC media player.

Video 2. Depicts the process of removing the excess ferricyanide from the gels. Note that
the 30 min soak is typically repeated with fresh electrolyte, not shown here for brevity.
The concentrations shown are the concentration within the hydrogel.
Filesize: 4043 KB
Filetype: Audio Video Interleaved (.avi)
Possible required software: Free VLC media player.
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